Life Cycle Assessment of a Rotationally Asymmetrical Compound Parabolic Concentrator (RACPC) by Zawadzki, Przemyslaw et al.
sustainability
Article
Life Cycle Assessment of a Rotationally Asymmetrical
Compound Parabolic Concentrator (RACPC)
Przemyslaw Zawadzki 1,2, Firdaus Muhammad-Sukki 2,* , Siti Hawa Abu-Bakar 3,
Nurul Aini Bani 4,*, Abdullahi Abubakar Mas’ud 5 , Jorge Alfredo Ardila-Rey 6 and
Abu Bakar Munir 7
1 Subsea 7, Greenwell Rd, Greenwell Base, Aberdeen AB12 3AX, Scotland, UK;
zawadzki.przemyslaw.m@gmail.com
2 School of Engineering, Robert Gordon University, Garthdee Road, Aberdeen AB10 7GJ, Scotland, UK
3 Renewable Energy Research Laboratory, Electrical Engineering Section, British Malaysian Institute,
Universiti Kuala Lumpur, Jalan Sungai Pusu, Gombak 53100, Selangor, Malaysia; hawa012@gmail.com
4 UTM Razak School of Engineering and Advanced Technology, Universiti Teknologi Malaysia,
Kuala Lumpur 54100, Malaysia
5 Department of Electrical and Electronics Engineering, Jubail Industrial College, P.O. Box 10099, Jubail 31961,
Saudi Arabia; masud_a@jic.edu.sa
6 Department of Electrical Engineering, Universidad Técnica Federico Santa María, Santiago de Chile 8940000,
Chile; jorge.ardila@usm.cl
7 Eversheds Harry Elias LLP, SGX Centre 2, #17-01, 4 Shenton Way, Singapore 068807, Singapore;
munirapac@eversheds-harryelias.com
* Correspondence: f.b.muhammad-sukki@rgu.ac.uk (F.M.-S.); nurulaini.kl@utm.my (N.A.B.)
Received: 3 April 2020; Accepted: 7 June 2020; Published: 10 June 2020


Abstract: Integrating a concentrator into the building integrated photovoltaic (BIPV) design has
resulted in a new technology known as the building integrated concentrating photovoltaic (BICPV). The
rotationally asymmetrical compound parabolic concentrator (RACPC) is an example of a concentrator
design that has been explored for use in BICPV. This paper evaluates the life cycle assessment (LCA)
for the RACPC-PV module, which has never been explored before. The LCA of the RACPC-PV
module has found a cost reduction of 29.09% and a reduction of 11.76% of embodied energy material
manufacture when compared to a conventional solar photovoltaic (PV) module. The energy payback
time for an RACPC-PV and a conventional PV was calculated to be 8.01 and 6.63 years, respectively.
Moreover, the energy return on investment ratio was calculated to be 3.12 for a conventional PV and
3.77 for an RACPC-PV.
Keywords: solar photovoltaic; solar concentrator; life cycle analysis; rotationally asymmetrical
compound parabolic concentrator
1. Introduction
The constant growth of the global population has begun to raise concerns over the consumption
of natural resources. Moreover, the impact that today’s people are having on the environment is
becoming an alarmingly common worldwide problem. Electricity production constitutes around 25%
of all the greenhouse gas emissions, making it the primary target for examination [1]. An analysis
of the ‘global carbon emission from fossil fuels’ indicates that, since 1950, there has been a rapid and
constant increase in carbon emissions. It is of utmost importance to begin the search for an alternative
method of clean power generation.
After investigating the United Kingdom (UK)’s statistics of renewable energy contribution to the
UK grid between 2010 and 2019, a substantial growth in renewable energy has been observed. By the
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end of 2019, a record of 36.9% of the UK electricity is generated from renewable energy [2]. Amongst
all renewable sources, solar photovoltaic (PV) was the most accepted and convenient method that can
be adapted to residential and commercial buildings. Moreover, after investigating the energy mix
closely, it was observed that prior to the year 2010, the amount of solar PV utilised into the energy mix
was essentially negligible, and by 2019 it provided third largest fraction of all the renewable energy
mix behind wind and bioenergy and waste [2]. This sudden implementation of solar energy into the
grid was strongly associated with the introduction of the Feed-in Tariff (FiT) in 2010.
Fei [3] has revealed the simplicity of installation, good utilisation of space and a minimal amount
of maintenance as the leading advantages, making the solar energy an ideal power source for the
residential and commercial buildings. Both residential and commercial buildings are comparable in
structural complexity; thus, building integrated photovoltaic (BIPV) systems can be implemented
onto rooftops and the wall structures (façade) [4]. Consequently, unlike other renewable sources,
the production of electricity for BIPV is strictly limited to the available area on buildings, resulting in
no loss of land.
Solar panels have the moderate efficiency, a conventional PV, typically found on rooftops has
around 17% efficiency [5]. Moreover, many researchers have explored the use of concentrating PV
(CPV) as a method of increasing solar efficiency, therefore greatly improving the electricity generated
by a PV panel [6–10]. As a result, further research is being conducted on the concept of CPV, with the
aim of finding out the technologies available for BIPV implementation and investigate the lack of CPV
in the building integration solar market.
A solar concentrator is an optical device that collect sunlight from a large area and focuses the
light onto a small surface area, at the end of which a solar cell is attached [11]. A typical CPV consists
of three main sections: an entrance aperture, exit aperture, and the director/reflector. Solar energy
enters the concentrating device through the entrance aperture. The directing/reflecting compartment is
responsible for directing the solar energy to the exit aperture at the end of which a PV cell is attached.
A combination of a concentrating device with a solar PV cell forms a CPV module.
A study by Zecharopoulos et al. [12] on asymmetric compound parabolic concentrators (ACPCs)
has shown the modules’ potential implementation for building integrated concentrating photovoltaic
(BICPV). This is due to the wide range of the half-acceptance angle when integrated at higher latitudes
on building façade. The modules’ increased effectiveness at collecting solar radiation on the diurnal
and seasonal variation of solar altitude angle has resulted in an increase of 62% of the modules’ power
output when compared to its non-concentrating replica [13]. Moreover, the modules study by Mallick
and Eames [14] revealed that manufacturing the ACPC with a clear dielectric material resulted in an
increased range of acceptance angle due to reduced solar reflection losses.
Another variation of the dielectric ACPC was studied by Sarmah et al. [15] and tested outdoors.
The design has half acceptance angles of 0◦ and 55◦ with the capability of reaching a concentration
ratio of 2.8. The concentrator structure was designed with the thought of being mounted on a building
façade on higher latitudes. The concept was tested under various weather conditions alongside a
conventional PV, which was reportedly 2.27 times more efficient than its competitive flat-plate module.
A concentrator prototype proposed by Muhammad-Sukki et al. [10] is a variation of the Dielectric
Totally Internally Reflecting Concentrator (DTIRC). An analysis of this concentrator revealed an
increased electrical output by providing an optimum gain on two different planes. It was also proven to
minimise the general cost of the system by reducing the amount of PV material used. The performance
analysis of this concentrator demonstrated that the system was able to reach an optical concentration
ratio of up to 13.54 when designed for a half-acceptance angle of ±15◦.
The rotationally asymmetrical compound parabolic concentrator (RACPC) is a new type of
optical concentrator developed by Abu-Bakar et al. (see Figure 1) [16]. From the experimental study
under standard conditions (STC), it was found that the introduction of the RACPC could increase the
maximum output power of a PV cell from 15 to 50 mW [17]. This corresponds to a 33.33% improvement
in power output [17] and a 31.75% reduction in manufacturing cost when compared to a conventional
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PV module [18]. With a geometrical concentration ratio of 3.67, a total height of 3 cm, an entrance
aperture of 2.06 × 2.06 cm and an exit aperture of 1 cm × 1 cm, it could therefore greatly reduce the
material utilised and increase the electricity output by 3.01 times.
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Figure 1. Rotationally asymmetrical compound parabolic concentrator (RACPC) visual guide [19].
While there are a lot of technical studies being carried out revolving around concentrator
designs [20–23], there is very little analysis being carried out with regards to the life cycle assessment
(LCA) of low-concentration PV (LCPV) concentrators. A paper published by Sarmah et al. [24] was
found to be particularly motivating, directing the authors to look out of a conventional PV scope.
The LCA publication of a prototype model called a linear asymmetric compound parabolic concentrator
(LACPC) with a geometrical concentration gain of 2.8 have proven an improved power output when
compared to a conventional PV of the same size. Moreover, the assessment has proven the model to be
cost efficient, with circumstances that cost per Watt power does not fall below GBP 2/W. This study is an
example of LCA methodology being a proven concept, where the results have shown the effectiveness
of the module being limited by the price of PV material. Another publication by Lamnatou et al. [25]
has calculated several environmental indicators using LCA from various locations around Europe,
displaying how the location of conducting the assessment can strongly affect the results.
This paper aims to conduct a comparative life cycle assessment (LCA) of an RACPC-PV module
and a conventional flat-plate PV module. The assessment will attempt to obtain and analyse factors
such as price per module, embodied energy required to produce material for each module, Energy
Payback Time (EPBT) and Energy Return on Investment (EROI).
It is important to note that, in the early days of LCA, the more recognisable abbreviation was
Life Cycle Analysis. However, the United States Environmental Protection Agency (USEPA), and the
International Organization for Standardization ISO modernised the abbreviation to “Life Cycle
Assessment” as to give the procedure a more quantitative meaning. Furthermore, researchers globally
differ between using “Eco-balance” rather than LCA, but, nevertheless, both have the same meaning.
The purpose and complexity of every LCA method differs, giving the LCA a broad way of
understanding. Moreover, the Society of Environmental Toxicology and Chemistry (SETAC) and ISO
are actively modifying the definition of LCA. Nonetheless, with further research and development of
the assessment, the definition is becoming clearer [26]. Amongst all the varying definitions, the one
used for this study will be based on the ISO 14040:2006 norms [27];
“Life Cycle Assessment (LCA) is a technique for assessing the potential environmental aspects and
potential aspects associated with a product (or service), by: compiling an inventory of relevant
inputs and outputs, evaluating the potential environmental impacts associated with those inputs and
outputs, and interpreting the results of the inventory and impact phases in relation to the objectives of
the study”.
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2. Components of the Analysis
To maintain consistency throughout the entire assessment, all the cost assessment has been
performed to rates available on 27 February 2018: GBP 1 = USD 1.39 = EUR 1.13 [28]. Moreover,
the cost assessment will not account for delivery cost, and will be performed to 0.94 m2 module sizes
(see Figure 2). Two solar PV modules with dimensions of 111 cm × 85 cm × 4 cm were used, which is
the typical dimensions of a standard solar PV module [29,30]. The first one is a conventional solar
PV module that utilises an array of 8 × 6 square laser grooved buried contact (LGBC) cells with each
cell having dimensions of 12.5 cm × 12.5 cm and a conversion efficiency of 11.95% (as given by the
manufacturer of the LGBC solar cell [31]). The second one is an RACPC-PV module that employs
an array of 50 × 37 RACPCs mounted on square LGBC cells with each cell having dimensions of
1 cm × 1 cm and a conversion efficiency of 15.4% (based on the previous experimental result obtained
in [32]).
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Figure 2. Comparison between the RACPC-photovoltaic (PV) module and a conventional solar
PV module.
Those will later be converted to 4-kW systems to simulate most popular residential solar panel
setup in the UK [33]. The entirety of the results will be presented in Great British Pounds, Megajoule
(MJ), Gigajoules (GJ), ratios and years. Moreover, it is important to note that impact assessment
calculations will involve conversions between kWh and MJ.
2.1. Energy Pay Back Time (EPBT)
EPBT is defined as the period of time (in years) required for the system to generate the amount of
energy that was used to produce the system itself [25,34].
EPBT =






where the given arameters are:
• Ein is the total input for: material, modules and additional components’ manufacture; system
installation; material disposal; transportation.
• Emat is the e rgy demand for material m nufacturing (materials of: modules and system
additional components) and module manufacture.
• Eins is the energy needed for the installation of the system.
• Edisp is the energy requirement for transportation of the materials/components from building to
the disposal site.
• Etransp is the energy required to transport the materials/components from the factory gate to
the building.
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• Eout.a is the annual yield of the solar PV system converted into primary energy. This would
require the information of grid efficiency, i.e., the life cycle energy conversion efficiency (ηG) of the
country-specific energy-mixture used for electricity generation and for producing the materials.
• EO&M.a is the annual energy requirement during the use/operational phase of the system.
2.2. Energy Return on Investment (EROI)
EROI is evaluated to provide a more general understanding of how easy it is for a system to






• The model manufacture and other components impact is incorporated into Emat as 27% of the
impact associated with the manufacture of model material [25,35,36].
• The model installation impact is incorporated into Einst as 3% of the impact associated with
Emat [25,35,36].
• The systems operation and maintenance impact (EO&M.a) accounts for the replacement and
maintenance of one glass cover, one replacement of a module, general maintenance and cleaning.
• Over the lifetime of 25 years, in total, it is considered to account for 10% of the manufacturing
material for the modules [25,35,36].
• Transportation impact accounts for the transport of modules from factory gate to the building with
the assumed distance of 100 km. The transport will be done via a truck with a fuel consumption
of 4.1 km/L driving on diesel [25,35,36].
• Employing the required grid efficiency of 0.31 into the Eout of EPBT assessment [37].
• Values for Eout.a have been experimentally measured [19]; therefore the Performance Ratio (PR)
can be neglected.
• For the disposal factor Edisp, the landfill is considered, as a result, only the transport from the
consumer to landfill is considered [25,35,36].
3. Life Cycle Assessment
The life cycle assessment will particularly focus on the impact assessment, examining RACPC-PV
modules (EPBT and EROI). The result of the assessment will be closely compared to a conventional
glass/glass PV module, designed for building integration.
During the examination of modules, it is important to maintain the fairness of the assessment,
thus making the assessment non-bias. As a result, the cost and embodied energy of modules will be
assessed to a module size of 0.94 m2. Moreover, the resulting parameters will be transformed into
a 4-kW system to simulate the most common solar installation for household and small business
owners [38].
After in-depth research into various LCAs of solar concentrators, the inconsistencies in assumptions
and calculations, as well as a lack of simplified LCA tools had shifted the focus to the development
of a semi-automatic in-house calculator using Microsoft Excel [39–41]. Consequently, reducing the
complexity of LCA has significantly sped up the impact assessment process, therefore simplifying the
comparative analysis of the two modules.
Before the execution of the calculator, a block diagram is produced which forms the basis of the
calculator. It describes the general layout of the calculator, assumptions for given factors, and clarifies
areas that require conversions. The block diagram can be found in Figure 3.
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3.1. Cost Assessment
3.1.1. PV Material
For the persistence of this assessment, only the PV cells are considered. The selected solar cells
are 5 × 5 Grade A, monocrystalline solar cells [42], each cell having dimensions of 12.5 cm × 12.5 cm,
costing GBP 0.56 per cell.
• Conventional PV module with a size of 0.94 m2 requires 48 solar cells. Consequently, the total
cost of PV m terial is GBP 26.88.
• RACPC-PV module with dimensions of 111 cm × 85 cm requires 1850 solar cells, each being
1 cm2. Moreover, as mentioned in Abu-Bakar [19], it was possibl to arrange custom-mad solar
ells to required di ensi s, with prices for each cell being proportional to the PV aterial used.
As a result, th re is a 24.7% reduction n PV material. Th calculated c st of PV material to produce
an RACPC-PV module adds up to GBP 6.64 per module
3.1.2. Concentrator
An analysis of the real-time price list available online [43] revealed an average price for
polymethyl-methacrylate (PMMA) to be at average GBP 0.59/kg.
• A single RACPC-PV module requires a proportional number of concentrators to the number of PV
cells; therefore, 1850 concentrators are required, each weighing at arou d 7.94 g [19]. As a result,
the assessed total price for concentrators is GBP 8.67 per module.
• Unlike RACPC-PV, the Conventional PV does not use any form of concentrators; therefore, price
is not applicable.
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3.1.3. Glass
The assessed glass substrate is a 3.2 mm transparent solar glass [44], costing GBP 3.09/m2.
• Conventional PV requires 2 layers of substrate to cover the back and the front of the module.
Assuming that the front and rear of the PV utilizes the same glass cover, the assessed cost per bulk
adds up to GBP 5.80 per module.
• Unlike the conventional PV, RACPC-PV requires only one layer of the glass cover; therefore,
the total cost is GBP 2.90 per module, which is a half of the conventional PV.
3.1.4. Encapsulation
• Conventional PV module requires two layers of Ethylene Vinyl Acetate (EVA) lamination film.
From research, an average cost of a 4-mm-thick EVA film is at around GBP 1.22/m2 [45], as a result,
the total cost of EVA laminated film is GBP 2.30 per module.
• RACPC-PV module utilises Sylgard-184 as the encapsulation material, with the average cost of
GBP 5.81 per kg [46] and a density of 1030 kg/m3 [47]. Each RACPC module requires a 1-mm-thick
later, the cost of encapsulation material is calculated to be GBP 5.63.
3.1.5. Frame
Assuming the frame needs to be custom made, an anodized aluminum MJ-8345 [48] is used as the
ideal material for the frame, this is due its durability and resistance to various weather conditions.
An average cost for the frame is GBP 1.86/kg.
• Conventional PV requires 3.92 m of the aluminum for a module [19]. With a mass of 0.508 kg/m [48],
the resulting cost is GBP 3.70 per module.
• Due to the assumption that RACPC-PV and conventional PV modules are both built to 0.94 m2,
the price spent on the construction of the frame for RACPC-PV module will be the exact same as
for a conventional PV.
3.1.6. Wiring
From conducted research, a bulk of tabbing wire for all required sizes is on average GBP
8.01/kg [49].
• Conventional PV module requires 28.34 m of tabbing wire to connect all solar cells [19]. With the
required tabbing wire width of 2 mm, thickness of 0.25 mm and wire density of 8.6 g/cm3 [24],
the assessed cost for all wiring is GBP 0.98 per module.
• RACPC-PV module requires 83.84 m to connect all the solar cells together [19]. The required
tabbing wire size of 1 mm × 0.1 mm was calculated to cost GBP 0.58 per module.
The total price for a module of a conventional solar panel totals at GBP 39.66, unlike the RACPC-PV
module, which is 29.09% cheaper, costing GBP 28.12. An investigation of Figure 4 pointed out the PV
material for having the greatest contribution on module cost, with around 75% difference between the
PV material cost of conventional PV and RACPC-PV module.
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Despite a conventional PV not utilising any concentrators, and having a 59.1% cost reduction in
encapsulation, the resulting price difference between both modules adds up to GBP 11.54, favouring
RACPC-PV over the conventional PV. Abu-Bakar et al. [18] calculated that the 0.94 m2 conventional
PV and RACPC-PV modules generated 89.63 and 92.5 W under standard test conditions (STCs),
respectively. Therefore, in order to produce a 4-kW power output, these modules must cover an area of
41.95 and 40.65 m2, correspondingly. As a result, the required size, and therefore the resulting cost for
a 4-kW system, was calculated: GBP 1769.99 and GBP 1216.13 respectively, resulting in a GBP 553.86
price difference.
Results from the Cost Assessment have been compared to those previously established by
calculated by Abu-Bakar et al. [18], the comparison revealed a close resemblance with the previous
analysis; conventional solar PV and RACPC-PV costing GBP 50.26 and GBP 34.30, respectively.
Furthermore, the conducted assessment also included the cost of labour. As a result, the labour cost
has been deducted from original results, revealing the price per module; GBP 44.09 and GBP 30.09,
respectively. The comparison from the conducted Cost Assessment with previously established results
revealed a price difference of GBP 4.43 per conventional PV module, and a price difference of GBP 1.97
per RACPC-PV module.
As for the cost reduction of the modules, the conducted assessment revealed a 29.09% cost
reduction, where the established assessment by Abu-Bakar et al. [18] states the cost reduction to be
31.75%; the difference in results was linked with the continually declining solar panel prices [50–52].
3.2. Embodied Energy Assessment
3.2.1. PV Material
• Conventional PV: silicon solar cells are reported to have the embodied energy coefficient of
2800 MJ/m2 [53,54]. Considering that each module consists of 48 cells, the calculated embodied
energy is 2100 MJ/m2.
• RACPC-PV: Due to the 24.7% reduction in PV materials, the embodied energy is reduced to
518 MJ/m2.
3.2.2. Concentrator
• Conventional PV does not use any form of concentrators; therefore, the impact is not applicable.
• RACPC-PV utilises PMMA as the material used for concentrators, with an assessed embodied
energy coefficient of 93.8 MJ/kg [55], resulting in the embodied energy of all 1850 concentrators to
be 1377.5 MJ.
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3.2.3. Glass
• Conventional PV utilises two layers of glass was researched to have the embodied energy
coefficient of 20 MJ/kg [54], and density in a region of 2.5 g/cm3 [56]. Consequently, the calculated
embodied energy for double-layered module was calculated to be 320 MJ.
• RACPC-PV utilises only one layer of glass, and it was found to be a half of the conventional glass,
being 160 MJ for a single layer of glass.
3.2.4. Encapsulation
• Conventional PV utilising EVA lamination film is reported by Sarmah [24] to have the embodied
energy of 250 MJ/m2.
• RACPC-PV utilising Sylgard 184 is reported by Sarmah [24] to have the embodied energy of
250 MJ/m2.
3.2.5. Frame
• The anodized aluminium frame for a conventional PV was found to have the embodied energy
of 227 MJ/kg [57], mass per unit of 0.508 kg/m [48] and length of 3.92 m [19], and the calculated
embodied energy is 452.04 MJ per module.
• RACPC-PV is utilising the exact same material for the frame and requires the exact same length
for the 0.94 m2 module. As a result, the embodied energy is the same as the conventional PV of
452.04 MJ.
3.2.6. Wiring
• A conventional PV module requires 28.34 m of 2 mm × 0.25 mm tabbing wire that has the density
of 8.6 g/cm3 [19,24], and the embodied energy coefficient of 70.6 MJ/kg [57]. From the Excel
calculator, the embodied energy is 8.60 MJ.
• One RACPC-PV module requires 83.84 m of 1 mm × 0.1 mm tabbing wire [19]; as a result,
the calculated embodied energy is 5.09 MJ.
From the analysis, one module of the conventional PV requires 3130.64 MJ to manufacture
all required components. Furthermore, when compared to the RACPC-PV module which requires
2762.59 MJ, the difference is equivalent to an embodied energy reduction of 11.76%. The embodied
energy of a conventional PV for a 4-kW system is 131.33 GJ, while a 4-kW RACPC system
requires 112.30 GJ of energy to manufacture. Considering a cost reduction of over a quarter,
the common misconception would be to expect a similar reduction in embodied energy. Subsequently,
the manufacture of concentrators has a substantial contribution to embodied energy reduction; this is
due to the PMMA materials’ large embodied energy coefficient value. A visualization of the results
can be found in Figure 5, which shows the percentages of assessed embodied energy material required
for manufacturing a conventional PV and RACPC-PV module. For a conventional PV module, 67% of
the total embodied energy is going towards the manufacture of PV material, with the second highest
contributor being the frame with 15%. Comparing results with RACPC embodied energy distribution,
it is clear that 50% of all total embodied energy in RACPC-PV module is used in the manufacture of all
1850 concentrators, while the manufacture of PV cells and frame contributing 19% and 16% respectively.
The figures show a substantial decrease in the energy required to manufacture PV material for an
RACPC-PV module, although a substantial amount of energy is compensated for the manufacture
of concentrators.
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3.3. Impact Assessment
The aim of the impact assessment is to estimate the time it takes for a PV system to generate the
energy equivalent, to the energy required for production, also known as EPBT. The impact assessment
will also calculate the EROI, which is the ratio of energy delivered to energy costs, meaning it will
assess the ratio of energy generated to the energy required for production. A ratio of more than one
represents a greater energy production, where the ratio of less than one represents a loss in energy.
By following the overview of the calculator operation (Figure 3), as well as applying the
assumptions mentioned in Section 2.3, the energy output Eout is required to be manually inserted into
the calculator. A PV system’s energy output is given in kWh; as a result, to maintain the consistency
of this assessment, the energy generated will be converted into MJ and GJ. Abu-Bakar et al. [18] has
revealed an annual energy output of a 0.94 m2 conventional PV module to be 71.4 kWh and RACPC-PV
module producing an electrical output of 71.2 kWh. In order to produce a 4-kW power output, these
modules must cover an area of 41.95 and 40.65 m2, correspondingly. The annual electrical output
is therefore calculated to be 2995.28 kWh for the conventional PV system and 2894.31 kWh for the
RACPC-PV system. This is equivalent to 10.78 and 10.42 GJ for a conventional solar PV system and
an RACPC-PV system, respectively. By introducing the grid efficiency factor of 0.31, the Eout.a is
calculated to be 34.78 GJ and 33.61 GJ for, respectively, a conventional solar PV and RACPC-PV system,
respectively. Another factor to calculate is Emat, which is the energy required for the manufacture of the
materials and assembly of the module. The embodied energy of materials was previously calculated
to be 131.33 and 112.30 GJ. Furthermore, the assembly of a module is assumed to account for 27% of
module material manufacture. As a result, the total Emat factor for conventional PV and RACPC-PV
was calculated to be 166.79 and 142.62 GJ, respectively.
Another important factor to consider is the energy required for the installation of modules, Einst.
Consequently, accounting for 3% of the energy required for the manufacture of the materials and the
assembly of the module, resulting in a total of 5.00 and 4.28 GJ for the installation of a conventional PV
and RACPC-PV module.
The factor Etransp calculates the energy required to transport the module from factory to consumer
and involves for the transport of a module from consumer to landfill Edisp. The operation and
maintenance EO&M.a factor is equivalent to 10% of material manufacturing of a module. Consequently,
the energy required for operation and maintenance throughout the module’s lifetime for conventional
PV and RACPC-PV was calculated to be 13.13 and 11.23 GJ, respectively.
A head to head impact assessment comparison of both modules is shown in Figure 6, revealing
the manufacture of material and assembly of module accounting for majority of the system impact.
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With all the required values calculated and converted, it is possible to calculate the period it takes
for the system to generate the equivalent amount of energy required for production, installation and
maintenance of the system (EPBT). Furthermore, it is possible to calculate a ratio of the system’s usable
energy, to the energy used for obtaining the energy resource (EROI). A quotient of more than one is
considered to be an energy source, where a quotient of less than one is accepted to be an energy sink.
Using Equations (1) and (2) as a template for the calculations, the EPBT and EROI have been calculated.
From the assessment, the calculated EPBT for a conventional PV and RACPC-PV was 8.01 and
6.63 years, which converts to 8 years, 4 days and 6 years, 230 days, respectively. With a difference of
1 year and 135 days, RACPC-PV is accepted to be a more profitable and economical module for a 4-kW
installation. The results are presented in Figure 7.
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For the EROI, the conventional PV and the RACPC-PV have both been assessed, with the resulting
ratios f 3.12 and 3.77, r spectively (see Figure 8). As a result, both modules are consider d as a source of
energy, enerating more energy than it ak s to produce, transport, install and maintain. Furthermore,
the RACPC-PV module has a greater EROI ratio. Me ing that, throughout the modules lifespan of
25 years, the syste utiliz s less energy, resulting in a quicker return on inv stmen . Consequently,
RACPC-PV is considered a more environm ntally friendly module.
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4. Conclusions
LCA is the proposed method for establishing CPV (as opposed to the conventional roof-top PV
installation) on acc unt of it being a better uild integr tion implementation. Based on the analysis,
these were ide tified:
• Cost Assessment has revealed the cost for a module to cost; GBP 39.66 for conventional PV
and GBP 28.12 for RACPC-PV, presenting 29.09% c st reduction. The previously establishe
cost assessment by Abu Bakar et al. [18] presented the ost for a module to cost; GBP 44.09
for conv ional PV and GBP 30.09 for RACPC-PV, with a proposed cost reduction of 31.75%.
The established differences in cost reductions was linked with the constantly declining cost of
PV material.
• The mbodied energy calculations of a squared meter module presented an 11.76% reduction,
favouring RACPC-PV as the more economic module, esulting in a decr ased amount of energy
required for the manufacture of m dule materials. Despite a great decre se tilization of
PV material in RACPC-PV m dules, the subst ntially high embodi d en rgy coefficient of
concentrati g material (PMMA) r ul ed in lower embodied energy reduction.
• The impact assessment evaluated both modules’ EPBT an EROI. The EPBT calculations revealed:
8.01 years for a conventional PV module and 6.63 years for RACPC-PV module. Furthermore,
EROI calculations revealed the conventional PV module to have a ratio of 3.12, and a ratio of 3.77
for RACPC-PV module.
Increasingly, researchers and decision makers are turning to LCA for its proven methodology
to assess their goods and products for potential environmental impacts. While the methodology has
experienced significant development over the last few decades, and continues to evolve with additional
knowledge, it also continues to suffer due to variation in methods and practices. It is a common practice
for decision makers to be bias towards their products, and therefore neglect important impact indicators,
such as transport, module manufacture and the installation to enrich the results [39–41]. The produced
in-house calculator takes into account these important impact indicators and is therefore hoping
to contribute to the LCA community, particularly the new solar LCA practitioners, by simplifying,
and speeding up the process.
An evaluation of all results has concluded the RACPC-PV module to be the more economical and
environmentally friendly module for roof-top building integration.
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